Budgets of organic matter dynamics for plant communities of the Great Dismal Swamp were developed to summarize an extensive data base, determine patterns of biomass allocation, transfer and accumulation, and make comparisons with other forested wetlands. Aboveground net primary production on the flooded sites (1,050-1,176 g m-Z y r l ) was significantly greater than on a rarely flooded site (83 1 g m-2 y r l ) . Estimates of belowground net primary production were comparable to aboveground production on flooded sites (824-1,221 gm-2 y r l ) . However, productivity was nearly three times greater belowground than aboveground on the rarely flooded site (2,256 g m-2 y r l ) . Aboveground productivity in Dismal Swamp forests is relatively high compared to other forested wetlands. This is attributed to the timing and periodic nature of flood events. Fine root turnover is shown to be an important source of soil organic matter. Estimates indicate that roots contribute about 60% of the annual increment to soil organic matter. Leaf litter contributes 6-28O/o and wood debris contributes 5-15%. Comparisons with other forested wetlands suggest that detritus accounts for greater than half of the total organic matter (living + dead) in many wetland systems.
THE BIOGEOCHEMICAL CYCLES of freshwater forested wetlands are unique among forested ecosystems. Flooding leads to predictable and dramatic changes in the solubility and chemical reactivity of important soil nutrients (Gambrel1 and Patrick, 1978) and influences rates of elemental import, export, storage, and processing (Kuenzler et al., 1980; Brinson, Lugo, and Brown, 1981) . Secondary production in wetlands and associated aquatic systems is intimately related to organic matter and nutrient processing rates (Benke, 1984) . Certain aspects of organic matter dynamics, such as litterfall and decay rates, have been the subject of many ecosystem level studies at a variety of freshwater forested wetland sites. However, there have been comparatively few I Received for publication 29 May 1987; revision accepted 28 December 1987.
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efforts at an ecosystem level synthesis of all the major storage and transfer rates on a given site. Such studies provide valuable insight into patterns of productivity, storage, and mass balance which are often overlooked in less complete investigations (Vogt, Grier, and Vogt, 1986 ). We present a synthesis of several studies on organic matter dynamics in the Great Dismal Swamp, Virginia. These data permit between-site comparisons of net primary production, above-and belowground detrital transfer rates, and the annual contribution of various litter sources to soil organic matter from various litter sources. In addition, patterns of organic matter storage in Dismal Swamp forests are compared with other freshwater forested wetlands.
STUDY SITES-The Great Dismal Swamp occurs on 85,000 ha of the Atlantic coastal plain in southeastern Virginia and northeastern North Carolina. The Suffolk escarpment is the artesian head of an aquifer that underlies the swamp's eastward sloping surface (Lichtler and Walker, 1979) . Water movement is thought to be quite slow and in a southeasterly direction, excgpt through the numerous ditches that dissect the swamp's surface. Hydroperiod is highly dependent on annual patterns of precipitation; flooding generally occurs during the winter and spring. During periods of low rainfall the water table can drop > 1 m below the soil surface. Mean annual precipitation is 1 17 cm, with a low in August of 7 cm and a high in April of 15 cm. The mean annual temperature is 15 C.
The Dismal Swamp is a patchwork of vegetation and soil types. Data used in this study were collected from four long-term study sites which represent the more extensive plant communities (Gammon and Carter, 1979) . The sites differ in dominant vegetation, soils, and hydroperiod (Table I) . Three sites are periodically flooded; one is rarely flooded. Two sites support coniferous canopy dominants (Atlantic white cedar [Chamaecyparis thyoides] and cypress [Taxodium distichum]), and two support hardwood species (maple-gum [Acer rubrum-Nyssa aquatica] and oak species [Quercus spp.]). Atlantic white cedar (herein referred to as cedar) occurs on an acid peat while the others occur on mineral soils (Bandle and Day, 1985) . More detailed descriptions of the vegetation, soils, and history of these sites are found in Dabel and Day (1977) , Gomez and Day (1982) , and Bandle and Day (1985) .
METHODS-An extensive data base on organic matter dynamics in the Great Dismal Swamp was summarized in budget format. Most standing stocks and rates of flux were measured directly on the sites. These included above-and belowground biomass; aboveground net primary production; belowground net primary production on the maple-gum site; leaf, branch, and wood litter standing stocks; leaf, branch, and wood litterfall rates; leaf litter and root necromass decay rates; red maple branch and bole decay rates; and soil organic matter standing crop (Table 2 ). There were no data available on bole mortality rates. Three groups of tree taxa were distinguished on each site: 1) the dominant species, 2) red maple and 3) other species. Some calculations distinguished between fine ( < 3 mm) and course roots. Parameters were quantified for each category on each site and are detailed in Appendix 1. After calculations were made, some of the data were lumped for ease of presentation.
Aboveground net primary production was determined for stems >2.54 cm dbh using species specific diameter increments and mean tree regression equations (Dabel and Day, 1977) . Annual increments were based on published vernier tree band data (Day, 1985) and unpublished tree ring data (Train and Day, unpublished manuscript). Leaf production was assumed to equal leaf standing stock for deciduous species and leaf litter production for evergreen species (250 g mP2 yrPl for cedar). Production of other understory vegetation was assumed to be negligible. Some parameter estimates were based on literature sources or certain reasonable assumptions. The percentage of total bole or branch biomass in each species category was used to partition wood litter standing stocks among the three groups. Cedar wood litter was increased to 50°/o of the wood litter standing stock to account for the unusually high mortality rate of this species on our sites. Leaf litter 01 and 02 standing stocks represent yearly maxima and were partitioned among the species categories based on unpublished data from Day's (1 979) study of litter accumulation in the Dismal Swamp. Further details on the percentages and assumptions used for dividing standing crops or fluxes among species categories are available in Megonigal (1986) .
Bole and branch decay rates for red maple were used for gum, other species, and oaks. The exceptionally slow decay of cedar and cypress wood was accounted for by multiplying the maple wood decay rate by the ratio of decay rates for cedar (or cypress) leaf litter and maple Day and Dabel, 1978 Day, 1979 Montague and Day, 1980 Symbula and Day, in press Day, 1985 Dabel and Day, 1977 Symbula and Day, in press Gomez and Day, 1982 Tupacz, unpublished data Day, 1982 data See Methods section a Annual average of lateral root biomass and necromass from 10 soil-root cores (7 cm diameter to a depth of 40 cm) taken from the maple-gum site at one month intervals from May 1983 to April 1984. Cores were located by stratifiedrandom sampling.
"Calculated from monthly estimates of root biomass and necromass using the Wiegert-Evans' model (1964) . Root decomposition rates for the model were measured at 10 and 30 cm depths using 1 mm mesh litter bags retrieved at 2-2.5 month intervals.
Mass loss from root litter bags (1 mm mesh) after 35 1 days in the field. Bags were filled with air-dried roots harvested from each site. Litter bags were about 4 cm wide and 40 cm long so that decay estimates are effectively integrated over a 40 cm depth. leaf litter. This correction was made separately for boles and branches on the cedar and cypress sites.
Bole and branch decay rates were determined using unconfined samples and therefore represented both mineralization and fragmentation losses. Harmon et al. (1986) reported two studies that separated these factors, one on Abies balsamea and the other on A. concolor. They showed fragmentation to be 63 and 55% of total weight loss, respectively. We multiplied total wood decay losses by 40% for an estimate of mineralization rate. Leaf and root litter decay rates were assumed to be entirely mineralization losses because they were determined using 1 mm mesh litter bags.
The rate at which surface litter is incorporated into soil organic matter (SOM) is rather difficult to quantify. However, given the litter standing crop and its decay rate and assuming the litter standing crop is relatively constant, transfer rates can be calculated by mass balance. Mass balance was used to calculate rates of transfer from the leaf litter 01 to the leaf litter 02 layer, from l e d litter 02 to SOM and from fine root necromass to SOM.
A rough estimate of wood litter to SOM transfer was made given the reasonable assumption that the woody litter layer is also at steady-state (Bormann and Likens, 1979) . Woody litter inputs were estimated as 1.5% of the wood biomass on a site (Waring and Schlesinger, 1985) . The difference between wood mortality and mineralization was the amount transferred to SOM. Steady-state is an unreasonable assumption for the cedar site because of the relatively high mortality rate of cedar trees. Therefore, the transfer rate determined for the cypress site was applied to the cedar site.
Total lateral root standing stocks reported by Montague and Day (1 980) were multiplied by a live root : dead root ratio to estimate the fraction in each of those categories. The ratio was based on mean annual lateral root biomass and necromass data from the maple-gum site (Symbula and Day, in press ). Separate estimates were made for fine and coarse roots (Symbula and Day's fine root category was r 5 mm); the ratios were 0.67 and 0.69, respectively.
Root production was estimated as the product of total root biomass and a production: biomass ratio. The ratio (1.12) was based on estimates of'fine root net primary production and mean annual fine root biomass for the maple-gum site (Symbula and Day, in press ). We considered the fine root production estimate (439 g m-2 y r L ) conservative because it was based on statistically significant changes in root-biomass over time.
Root mortality data from Symbula and Day (in press) were used to estimate root turnover. A morta1ity:biomass ratio was determined for fine and coarse roots (1 .O5 and 1.55, respectively), averaged, and compared with the pro-i/r\ CEDAR SlTE Organic matter budgets for a cedar forest community in the Great Dismal Swamp. Upward-oriented arrows represent mineralization losses, arrows between boxes represent mass transfer, SC = standing crop, NPP = net primary production, and SOM = soil organic matter. The bracket indicates litterfall fluxes. Wood litterfall is for small stems only (Gomez and Day, 1982) and was not used to calculate wood litter to soil organic matter transfer rates (see text). The 01 leaf litter is largely undecomposed while the 02 leaf litter has undergone considerable decomposition. duction:biomass ratio determined earlier. Because the ratios were quite close, root mortality was assumed to equal root production.
Bulk densities of study site soils were determined in order to calculate SOM mass (40 cm depth). Undisturbed soil cores were taken from each site at depths that correspond to major shifts in % SOM (Megonigal, 1986) . Cores were dried at 110 C to constant mass. Analysis of Variance (ANOVA) and Duncan multiple range tests were used to test for differences in production. Total belowground standing crops were compared with t tests. Further details on the methods are in Table 2. RESULTS-Standing crop and net primary production-Wood standing crop was significantly greater at the cypress site than at the other three sites ( F = 3.47, P = 0.026); there were no significant differences in wood standing crop among the other three sites. Total root standing stocks were significantly greater on the mixed hardwood site (2,905 g mp2; P I 0.0 1) than on the flooded sites (1,086-1,594 g mP2).
Aboveground net primary production (AGNPP) was greatest on the periodically flooded sites (Fig. 1-4) . Wood production on flooded sites was significantly greater than at the rarely flooded site ( F = 6.90, P I 0.01). Leaf production (standing crop for deciduous species) did not differ significantly among deciduous communities. Our estimate of leaf production at the cedar site was not included in the ANOVA because it was based on litterfall rates (rather than litter standing crop). However, this estimate (608 g rnp2 yr-I) approximated those of the cypress and maplegum sites (599 and 583 g rnp2 y r '). The data indicated that differences in AGNPP were due to variation in wood production. Belowground net primary production was comparable to AGNPP at the flooded sites (824-1,22 1 g rnp2 yr-') but was nearly three times greater than AGNPP at the mixed hardwood site. Total productivity (above-+ belowground) was greatest rtt the mixed hardwood site.
Forest ,floor organic matter -The cedar and cypress sites had the greatest accumulations of organic matter on the forest floor, mainly because of the wood litter component, which ac- Fig. 3 . Organic matter budgets for a maple-gum community in the Great Dismal Swamp. Details as in Fig. 1. counted for 83 and 76% of the total (Day, 1979) . Wood litter accumulation was lowest at the mixed hardwood site. Total leaf litter differed significantly at all sites (P 5 0.0 1). The 02 soil layer at the mixed hardwood site was significantly greater than at the other deciduous sites (P r 0.01). This layer was not measured on the cedar site due to frozen conditions (Day, 1979) .
Soil organic matter-Accumulations of soil organic matter (SOM) were greatest at the cedar and maple-gum sites. The cedar site had four times the SOM of the cypress site, twice that ofthe maple-gum site and six times the amount at the mixed hardwood site.
Estimates of litter 0 1 to litter 02 transfer rate could not be analyzed statistically but appeared comparable for all sites (range: 302-382 g mP2 yr-I). Estimates of transfer from the 02 litter pool to SOM were similar among flooded sites (range: 289-337 g mP2 yr-') and were twice the estimate for the mixed hardwoods site (1 34 g m-2 y r l ) .
Transfer from wood to SOM was similar for the cedar and cypress sites (256 and 230 g mP2 yr-I) because they had similar wood litter standing crops and the cypress transfer rate coefficient was used for the cedar site estimate (see Methods). Wood transfer to SOM was four times greater at the mixed hardwood site (23 1 g mP2 yr-I) than at the maple-gum site (56 g mP2 yr-I) despite nearly identical wood mortality rates. This was a direct result of relatively rapid decay rates on the maple-gum site and the mass balance assumption. DISCUSSION-Net primary production and standing crop -Wetland productivity is tightly coupled to hydrology and nutrient regime. Periodically flooded wetlands are more productive than those which are either continuously inundated or drained (Mitsch and Ewel, 1979) . Floodplain forests are generally more productive than slow-water or still-water systems (Conner and Day, 1976; Brinson et al., 198 1; Brown, 198 1) largely because of nutrient subsidies associated with water inputs other than precipitation. Mitsch, Dorge, and Wiemoff (1 979) showed that P inputs from precipitation were relatively minor compared with inputs from a nearby river during a flood event. Schlesinger (1 978) attributed low production in the ombrotrophic Okefenokee cypress swamp forest to continuous flooding and low nutrient inputs. Thus, the percentage of water coming from precipitation is an important determinant of wetland productivity.
Little is known about hydrologic inputs to the Dismal Swamp. Lichtler and Walker (1 979) estimated that 1 17 x 1 O6 m3 yr-I of upland runoff enters the swamp annually. Rainwater inputs can be estimated by multiplying average rainfall and the areal extent of the swamp. Using values in Lichtler and Walker (1979) , precipitation contributes about 1,090 x 1 O6 m3 yr-I or 90% of the water input. This estimate does not account for interception by drainage ditches or ground water inputs. By comparison, precipitation is 70-90% of water inputs to the Okefenokee Swamp (Rykiel, 1984) .
Despite apparently low nutrient inputs, Dismal Swamp forests are more productive (aboveground; Fig. 1 4 ) than seven still-water sites reported in Brown and Peterson (1983) and are comparable to a Louisiana floodplain swamp (Conner and Day, 1976) . Flooding in the Dismal Swamp occurs mainly during winter months when trees are dormant. Although water may be standing on the flooded sites at bud break, it has normally begun to draw down and does not persist far into the most active part of the growing season. Wet, but aerobic, soil conditions during this period may stimulate productivity (Day, 1984) . Productivity may also be enhanced by seasonal pulses of decay and nutrient release caused by alternate periods of drying and flooding (Gomez and Day, 1982) . Periodic flooding and, in particular, the timing of periodic floods contribute to the relatively high productivity of Dismal Swamp forests. A more definitive study ofwater relations in this system is needed to determine the extent to which upland runoff and groundwater inputs contribute to the overall hydrologic budget. These sources of water may also be significant sources of nutrients.
Belowground production on the flooded sites is similar in magnitude to a Liriodendron forest in Tennessee (900 g m-2 yr-'; Harris, Kinerson, and Edwards, 1977) and within the range reported by McClaugherty, Aber, and Melillo (1984) for a mixed hardwood forest in Massachusetts (540-1,140 g mP2 yrP'). Root production on the mixed hardwood site is larger in comparison because of a large root standing stock. However, our estimate includes production of coarse lateral roots where other studies do not. Because coarse roots are less dynamic than fine roots, the application of a fine root production ratio to total belowground biomass probably overestimated belowground production.
Soil organic matter-SOM serves as a nutritive substrate for microorganisms and influences biologically mediated soil processes such as reduction-oxidation reactions and the availability, cycling and transformation of nutrients (Anderson and Coleman, 1985; Schimel, Coleman, and Horton, 1985) . The suitability of SOM as a carbon or energy source can vary depending on nitrogen, holocellulose and lignin content (Berg, 1986) . Therefore, it is important to consider the sources of tissues that contribute to SOM. Our estimates indicate that roots contribute about 60% of the organic matter in Dismal Swamp soils (cedar: 65%, cypress: 59%, maple-gum: 67% and mixed hardwoods: 84%). The percentage is highest for the mixed hardwood site which has the greatest root standing crop and the lowest accumulation of forest floor detritus. The magnitude of these estimates is consistent with reports from other systems. Harris, Santantonio, and McGinty (1979) estimated that root turnover accounted for 70% of the organic matter returned to the soil in an upland forest. Further calculations show that if coarse root production (> 3 mm) was overestimated by 50°/o, the contribution of roots to soil carbon is still about 50% for flooded sites (range 46-55%) and 76% for the rarely flooded mixed hardwood site. Fine roots alone (assuming no turnover of coarse roots) would contribute one-third of the annual soil carbon increment on flooded sites and two-thirds on the mixed hardwood site. Thus, root turnover is certainly an important component of soil carbon dynamics.
Large contributions of carbon to soils from fine roots is due in part to rapid turnover rates. However, it is also important to consider the environment of deposition. Roots are in direct contact with the soil at death; and transport into the mineral horizon is not a requisite step for incorporation into SOM. Colonization by microbial decomposers may be more rapid belowground. Flooding has a particularly important influence on the environment of root deposition because of its control on decomposition rates.
Soils of the mixed hardwood site are relatively dependent on roots as a source of soil organic matter (Fig. 4) . Turnover in the aboveground litter layers is slow on this site; turnover time of the 02 leaf litter layer is about 2.6 years compared with 1.0-1.6 years on the flooded sites. In addition, mass balance considerations suggest that a relatively small percentage of annual turnover in the 02 layer is incorporated into the soil on the rarely flooded (mixed hardwood) site (cedar: 54%, cypress: 82%, maple-gum 9 1% and mixed hardwoods: 17%). Perhaps processes that incorporate organic matter into soils on the flooded sites do not operate efficiently on the rarely flooded stand. For example, winter flood waters may serve as a means of vertical transport.
Leaf litter contributes 6-28% of annual in- Reiners, 1972 , 3) Reader and Stewart, 1972 , 4) Duever, Carlson, and Riopelle, 1984 , 5) Nessel and Bayley 1984 " Above-water dead wood only. Based on an unadjusted peat depth of 2.9 m. Based on an unadjusted peat depth of 0.7 m; Reiners and Reiners, 1970. " Includes leaf biomass.
Based on an unadjusted peat depth of 1.9 m. I Bulk density was assumed to be 0.41 g/m2 and organic matter 40.1% based on the peat horizon of a North Florida cypress strand (Lugo, Nessel, and Hanlon, 1984) .
s Peat depth at the strand edge calculated to equal 0.22 m from figure 32.4 in reference 4. Based on figure 26.7 and table 26.7. I Herb and shrub data from Day and Dabel (1978) ; fruit and flower data from Gomez and Day (1982). crements to SOM. This component (like fine root necromass) is relatively dynamic compared with wood litter. While many studies have investigated the nutrient dynamics associated with leaf litter decay in wetlands, and the factors controlling it (Brinson et al., 198 1; , its importance to overall ecosystem dynamics has rarely been addressed.
The ecology ofwood debris in terrestrial ecosystems has received little attention in comparison to leaf litter. Harmon et al. (1986) showed that wood debris is important to N and P cycling in some systems, as a long term source of energy and nutrients and as plant and animal habitat. Its importance as a source of SOM on our study sites is relatively minor, on an annual basis, compared with fine roots. Despite large accumulations of wood debris in Dismal Swamp forests, wood litter contributes just 5-17% of the annual SOM increment. Fallen branches and logs are only in partial contact with the soil surface; this can have a negative effect on their moisture content and rate of decomposition (Harmon et al., 1986) . By the time wood litter has decomposed to the point that it can be incorporated into SOM, much of its original mass has already been lost to mineralization.
The transfer of mass from dead leaves, wood, and roots to SOM was calculated as the difference between inputs and mineralization losses under the assumption of steady-state conditions. Mineralization losses were calculated as the product of mean annual standing crop and annual decay rate. An alternative approach is to multiply the annual mass input to a detrital component by the annual decay rate. By this method, the contribution to SOM is 42-7 5% for roots, 12-27% for leaves, and 13-35% for wood. The relative importance of leaf, wood, and root litter to SOM is essentially the same by either approach.
These conclusions apply only to the most recent accumulations of SOM. As a given annual increment to the SOM pool ages, the relative proportions of wood, leaf, and root tissue change depending on their decomposability.' A recent modeling effort concluded that wood, leaf, and root tissue comprise 62, 8, and 13% of the steady-state SOM pool of a Pinus silvestris forest (Agren and Bosatta, 1987) . Thus, further research may show that roots and leaves are most important to the labile (and most nutritious) fraction of the forest SOM pool while wood is most important to the recalcitrant fraction.
Total detritus accumulations-Detrital accumulations constitute a large part of the energy and nutrient stores offorested ecosystems. Unfortunately, few studies report data that allow detailed comparisons of organic distribution among the components of a forested wetland; bottomland hardwood and riverine forests are particularly underrepresented (Table 3). Harmon et al. (1986) found just 8 such studies for temperate terrestrial sites.
Detrital accumulations often account for greater than half of the total organic matter (living + dead) in forested wetlands (Table 3) , particularly those with large peat accumulations. By comparision, temperate upland forests often have greater than half of the total organic matter tied up in biomass (Grier and Logan, 1977; Harmon et al., 1986) . Schlesinger (1977) estimates that, on a worldwide basis, detritus accounts for 45% of the total organic matter in temperate forests, 36% in tropical forests, 62% in boreal forests and 91% in swamps and marshes. However, there are numerous exceptions for both upland and wetland systems. Detrital dominance in wetlands is due to large accumulations of soil carbon (Schlesinger, 1977) . One would predict detritus-dominated systems to have relatively slow turnover times for organic matter and nutrients.
The cypress site is biomass-dominated due to large amounts of wood biomass and low SOM (Table 3 ). Yet budget calculations suggest that total input and output to soils on the site are comparable to other flooded sites in the ecosystem. The large accumulation of biomass (as opposed to necromass) on this site may turn over very slowly because of the longevity of cypress. If this is the case, development of a large detritus component may require a relatively long period of time. Belowground dynamics have been shown to be important in the development of SOM; perhaps production and turnover of root mass is less rapid than estimated. Export of detritus via surface water runoff is assumed to be unimportant in this low gradient, slow-flowing system. The leaf litter estimates, which represent peak values (December and January collections; Day and Dabel, 1 978) , would overestimate the annual standing stock if there is export during the flood season. In this case, our mass balance estimate of leaf litter to SOM transfer would be high.
Mass balance studies often serve to illustrate where research is lacking. Most of the simplifying assumptions required for this study relate to detrital dynamics. Future research on the detrital cycles of forested systems should focus on the chemical nature and dynamics of root tissues because they are a primary organic component of the rooting environment. Soil organic matter dynamics (e.g., decay rates) are also poorly understood and deserve increased attention. Models based on the organic matter budgets presented here have been developed and offer additional insight into system dynamics (Megonigal, 1 9 8 6). 
